Morgul, Yang, Kurkcu, Ozbay, Bartin, Kamga, Salloum 2 ABSTRACT 1 Recent advances in mobile networks and increase in the number of GPS-equipped vehicles have 2 led to an exponential growth in real-time data generation. Over the last decade, a number of online 3 mapping or vehicle tracking services haves made their data available for third-party users. This 4 paper explores opportunities in utilizing the real-time traffic data provided by online services and 5 introduces a virtual sensor methodology for collecting, storing and processing large volumes of 6 network-level data. In order to assess the validity of the collected data using the proposed 7 methodology, we compare these with data from physical loop detectors and electronic toll tag 8 readers. Statistical analyses show that there is a strong correlation between the travel time 9 measurements from infrastructure based sensors and virtual sensors. We then conduct a travel time 10 reliability analysis using the virtual sensor data methodology and conclude that the results are 11 promising for future research and implementation.
INTRODUCTION

1
The era of Big Data has arrived. Past practices in data exploration and utilization are changing 2 drastically. Recent developments in mobile networks, cloud computing, and similar technologies 3 have led to an exponential growth in data production and also increased the size of data that can 4 be stored (1) . It is estimated that 2.5 exabytes of data were created daily in 2012 and this number 5 is expected to double every 40 months (2) . The abundance of publicly accessible data brings a 6 number of potential opportunities for researchers and scientists to better understand and evaluate 7
real-life problems and to get better guidance in informed decision-making (3) . Although the 8 benefits of utilizing vast amount of data has shown to yield improvements in productivity in many 9 fields (4), it is also important to assure that the quality of any processed data is good enough to 10 avoid biased or unreliable conclusions. 11
As for many other fields of research, Big Data has very useful implications for transportation 12 studies. For example, rapid increase in GPS-enabled mobile device adoption such as smartphones 13 in recent years provides the opportunity of geo-tracking using the location information of mobile 14 device users (6) . In city traffic, tens of thousands of smartphone users, traffic sensors, traffic 15 cameras, and computers in cars generate very large data sets of travel time, speed, and location 16 information. The data created by each of these sources can be stored and processed in real time. It 17 is well recognized that the resulting massive amount of traffic-related data will make important 18 contributions to the operations and planning of transportation systems (7) . The potential uses of 19 Big Data are countless: with the help of Big Data procedures, researchers can make better 20 transportation decisions such as optimizing operations, developing rational infrastructure plans, 21 and examining the distribution and patterns of large public events. Specifically, traffic congestion 22 is one of the important problems frequently revisited by using big data sources in terms of 23 providing high quality traffic information, namely accurate estimates of travel times, incident 24 detection, prediction of time-dependent origin-destination demands, etc. (8) . 25 For example, state transportation agencies were used to rely on accident information from costly 26 roadside sensors and traffic cameras. In New Jersey, these surveillance systems cover 27 approximately only 5% of the highway network (9) . If there is an accident on a roadway, by the 28 time the accident is detected, travelers are alerted and the accident is cleared, several miles of 29 queues could have been formed. However, the impact of an accident can be reduced by faster 30 detection and better information dissemination with the help of traffic maps created using Big 31 Data. According to high-technology experts; the bigger the data, the more ways of harnessing it 32 are going to emerge (9) . 33 In this paper we present a "virtual sensor" methodology using open traffic data sources from web-34 based map providers namely, Bing Maps TM and MapQuest TM . We first give a comprehensive 35 review of existing automated traffic data collection methods along with a discussion about the 36 advantages and disadvantages highlighted by the earlier studies. Next, we summarize the available 37 web-based services that provide real-time traffic data for third-party applications. The next section 38 explains the proposed "virtual" traffic sensing methodology and statistically compares the 39 accuracy of real-time data gathered from online sources with the data from loop detectors and 40 electronic tag readers collected along the New Jersey Turnpike (NJTPK). Finally, the conclusion 41 section presents the summary of results and directions for future research. 42 1  Performance measures are defined as indicators of system efficiency. For example, in the context  2  of transportation, travel time variability is an emerging performance measure increasingly used by  3 decision-makers in making many transportation investment decisions. Information on how long it 4 would take to travel between specific points is a vital information for all travelers. Accurate 5 estimation of travel times reflects the system performance based on users' point of view. 6
BACKGROUND AND LITERATURE REVIEW
In this section we review the existing automated traffic surveillance methods under two major 7 categories: 1) traditional methods that have been utilized for several decades for data collection 2) 8 emerging technologies that use Big Data provided by web-based services for developers. We also 9 present a summary of online services that offer traffic data, the data types they provide and 10 potential applications for performance measure analysis. 11
Review of Traditional Traffic Surveillance Methods 12
Traditionally, traffic surveillance is conducted by using two distinct approaches: 13 (27) .
 Difficult for a reader to read the information in case of tags installed in metal products.  Interferences have been observed.  Damaged tags cannot be tracked.  Good for a specified range only (27) .
Bluetooth
 High quality and reliable data on highways (28) .  VMSs or websites can display real time data collected by Bluetooth devices (29) .  OD pairs and route choice can be estimated using Bluetooth data (29) .  Low implementation cost (30 users could connect to the mapping server simply by using a web browser and there was no need 4 for a Geographic Information Systems (GIS) software or any geographical data installed on users' 5 personal computers. The authors proposed that a web mapping application could carry out a couple 6 of different functions to present graphical and interactive results of transportation studies. 7
Welch et al. (42) presented a system that offers simple, fast, and universal access to location-based 8 traffic data. Their system had a web-based application that allows the viewing, insertion, and 9 management of traffic data. Users only required a web browser and they could query traffic data 10 to quickly access the required records. Data could be stored elsewhere as long as it was accessible 11 by users' web browser in this system. 12 Thomas et al. (43) framework is also a JavaScript framework designed for creating location-based mobile web apps 40 and provides several features that users need for creating web applications, including, 41 instantaneous map rendering, routing and directions for transit. 42
Google Maps 1
The Google Maps API is the first API system that made embedding maps into several web 2 applications very convenient for researchers, even for those with a limited knowledge in 3 programming. More than 1 million Maps API sites and mobile applications use Google Maps 4 APIs, which constitute one of the most popular JavaScript libraries on the web. The Google Maps 5 JavaScript API allows users to insert maps into external web pages and overlay any kind of data 6 onto maps. The latest version (i.e. version 3) is designed to be faster and more applicable for both 7 mobile devices and desktop browser applications (48) . The API offers a number of functions for 8 controlling maps and adding content to the map through a variety of services. 9 times with the ground truth data and worked on the study segment of I-287 in New Jersey. They 23 concluded that the speeds of probe vehicles are closer to the estimated speed using Bluetooth 24 sensors than the INRIX data. In addition, INRIX data showed some latency issues. 25
Microsoft Bing Maps
VIRTUAL SENSOR METHODOLOGY 26
The purpose of this section is to investigate the opportunity to develop a "virtual sensor" 27 methodology using Big Data provided by web-based mapping services described above. In 28 particular, we are interested in the real-time traffic information that can be used as a substitute for 29 traditional data collection technologies such as loop detectors. If the validity of the Big Data 30 obtained from the virtual sensor concept can be shown statistically via comparison with physical 31 detectors' data, then it could be concluded that similar web data based frameworks can be used for 32 monitoring sections of a transportation network without any fixed traffic surveillance units. This 33 is a very desirable feature for traffic monitoring especially on local roads for non-recurrent 34 congestion conditions. Travel time reliability which is another important traffic performance 35 measure can also be extracted using real-time traffic information from the proposed virtual sensor 36 methodology. 37 We propose a web-based "virtual sensor" methodology where real-time traffic information can be 1 obtained using online data stream from Bing Maps and MapQuest. Figure 1 shows the proposed 2 methodology of the virtual sensor concept. The coding of this methodology is performed using the 3 JavaScript programming language. The two requirements for data collection are an internet 4 connection and a web browser. The system is easy to use even for novice computer users. 5 Geographical coordinates of origin destination (OD) pairs for the sections to be monitored needs 6 to be defined by the user within the code. Bing Maps' REST API and MapQuest Open Data Map 7 API services are utilized for extracting real-time traffic based routing information. Routing 8 requests for each of the defined OD pairs are sent every five minutes automatically using the 9 developed JavaScript code with a web browser and the responses are received from the server in 10 XML format. There is no limit for the number of requests per day using Bing Maps API service 11 or MapQuest Map API although some other services (i.e. Google) may put a limit on maximum 12 number of daily requests for free user accounts. XML Document Object Model (DOM) platform 13 is used to retrieve the traffic data from the response information. Users define the mode of travel 14 in the code by choosing driving, walking and transit. In the proposed methodology we use routing 15 for driving since we are interested in performance measures on highway networks. The response 16 data includes routing information including point-to-point total travel duration, total distance and 17
whether there exists an incident on the given route. Incidents are also placed into groups such as 
CASE STUDY 25
To demonstrate the functionality of the proposed virtual sensor concept we tested our methodology 26 on the New Jersey Turnpike (NJTPK), for real-time travel time estimation. For our first case study 27 we used 4 OD pairs to test the accuracy of traffic data for different cases including both recurrent 28 and non-recurrent traffic conditions. Traffic data was investigated between interchanges 7 to 7A 1 and 8 to 8A in both directions. The selected sections were already equipped with remote traffic 2 microwave sensor (RTMS) stations which are used as reference data source for this analysis. 3 Figure 2 depicts the locations of the eleven RTMS sensors between interchanges 7 and 7A. It can 4 also be observed that there are only two virtual sensors, which are sufficient to gather both travel 5 time and incident information for the same section. In particular, virtual sensors are reference 6 points in the map which reflect the start and end of the section under study. It is noteworthy to 7 mention that real-time traffic data assumes fixed travel speeds for certain sections depending on 8 the congestion level. Since the virtual sensor data is generated by mainly through probe vehicles, 9 collected space mean data also incorporates local disturbances. 10
11
Figure 2. Sensor Locations between Interchanges 7 and 7A. 12
Travel time derived from virtual sensors on both Bing Maps and MapQuest were compared with 13 the reference data and example results are shown in Figure 3 . Observation of the graphs make it 14 apparent that, travel time estimation is highly correlated between use of a virtual sensor and 15 derivation from RTMS data throughout the entire day. As depicted in these figures, virtual sensors 16 also capture fluctuations in travel time due to collisions, disabled vehicles, work zones, and 17 recurrent congestions similar to RTMS. It should be mentioned that all incidents (i.e. crash, work 18 zone, disabled vehicle) information shown in the figures was obtained from Bing Maps. 19
The Wilcoxon signed-rank test was applied to statistically examine the two-paired samples from 20 RTMS stations and virtual sensors one of the maps (The null hypothesis H0 is that the two datasets 21 are equivalent). As shown below in Table 3 , most of the corresponding p-values were less than 22 0.05 indicating that the results from the web-based virtual sensors and RTMS are not statistically 23 different within a 95% confidence interval. Thus it can be concluded that the travel time 24 measurements derived from the virtual sensors are consistent with the RTMS data. Therefore, 25 similar to the RTMS data, virtual sensor measurements can also help to capture incident 26 information that may disrupt normal traffic conditions. For the time period RTMS data was 27 collected, continuous data flow was disturbed several times possibly due to malfunctioning or 28 equipment shut downs for maintenance. For some of the sections we analyzed, missing data rate 29 were as high as 10% of all collected data during the analysis period whereas with virtual sensor 1 data almost flawlessly through the same time period. This is a promising conclusion for the future 2 of web-based data as a possible additional data source to supplement traditional data collection 3 methods. 
10
Travel time estimations using RTMS data is conducted for the mainline sections of the highway. 11
Therefore traffic delays at toll booths are not captured within the comparison analysis. Another 12 method of measurement is through the use of tag reader data for exit-to-exit travel times. We 1 conducted a second analysis to compare virtual sensor travel times with ETC travel times which 2 depicts the average of observed travel times for all vehicles passing through toll plazas. Selection 3 of the study sections is mainly affected by the sample size distribution throughout the day. Since 4 some sections have very low recordings during certain time periods (i.e. mostly at night) average 5 travel time estimation using ETC data may result in unrealistic estimations. Similarly, rest/service 6 areas in some sections result in comparably high travel times for those travelers who make stops 7 along the way. For comparison analysis we selected the two sections that contained the least 8 number of outliers between interchanges 9 to 10 in the northbound direction and interchanges 11 9 to 10 in the southbound direction. Virtual sensors were located directly at the toll plazas for this 10 case. Figure 4 depicts the comparison between virtual sensor data sources and ETC data. It can be 11 seen that unexpected changes in travel time due to incidents can be captured as well as travel times 12 under regular traffic conditions. It should be noted that for certain time intervals ETC data suffers 13 from a low number of observations simply because very few vehicles entered and exited between 14 the selected toll plazas. For these cases outliers as shown in Figure 4 , can be observed in the ETC 15 data where the virtual sensor data displays comparably less fluctuations. the time-of-day. Buffer index is a parameter between zero and one with increasing values 1 representing lower reliability or higher variability in travel times. As seen in both northbound and 2 southbound segments, real-time data from both sources yield similar results in terms of 3 subsections' travel time reliability. The northbound segment observed the most unreliable travel 4 times during the afternoon peak hours (i.e. between 4:00 pm and 8:00 pm) while the southbound 5 segment, in addition to afternoon peak hours, observed unreliable travel times during the midday 6 period (i.e. around 12 pm). Sub-sections with higher travel time variability may also be identified 7 using the proposed methodology, for example, subsections 4 to 8 have comparably higher travel 8 time variability during afternoon peak for the northbound segment. The case studies presented in this section show the potential power of web-based data acquisition 13 for future transportation studies. The presented virtual sensor methodology comes with almost no 14 additional cost while the quality of obtained data is shown to be quite satisfactory compared to 15 physical sensors. Virtual sensor concepts can collect vast amounts of high-quality data for nearly 16 any highway section in any region of the United States to supplement the existing data sources 17 with minimal effort and cost. 18
CONCLUSION 1
Travel times can be collected from a large number of sources. Conventionally, fixed detectors 2 such as inductive loops embedded in the pavement have been used to measure vehicle flows and 3 estimate speeds. Recent technological advances and widespread deployment of Global Positioning 4 Systems (GPS) in consumer devices make mobile data sources a promising and potentially cost-5 effective way to monitor transportation systems. GPS integrated into cellular phones and in-vehicle 6 navigation devices are now ubiquitous, and numerous technologies exist to identify vehicles or the 7 signals from smart devices in them using roadside sensors (e.g., RFID or Bluetooth). It is now 8 possible to measure location, speed, and travel time from probe vehicles, vehicles that are already 9 in the traffic stream, in order to estimate traffic conditions in real-time across large networks. Real-10 time traffic data is often collected and archived so that a continuous historical record of traffic 11 conditions can be used for analysis. 12
Problems associated with the traditional traffic surveillance methods were discussed in several 13 studies in the literature. Major concerns are the high implementation and maintenance costs for 14 fixed equipment and low penetration rates for the probe vehicle data. In this study we propose a 15 different and novel approach that takes advantage of the emerging web-based Big Data sources 16 available for transportation research. Web-based services already compile a large amount of 17 "crowdsourcing" data from probe-vehicles or mobile devices and then make their real-time data 18 available to developers and researchers. We first give a review and a summary of the online 19 services that provide real-time or historical traffic data using their API services with the main goal 20 of shedding light to the possible uses of these "new" data sources. 21
The success of any traffic management and planning application depends on several factors, the 22 most important of which is the "quality of information". In this study, we present a virtual sensor 23 methodology based on Bing Maps API and MapQuest Map API traffic data. Data quality is tested 24 through the comparison of travel time estimations from virtual sensors with physical loop detector 25 and electronic tag reader data for different sections of the NJTPK. The results of these statistical 26 comparisons are promising for future research especially in terms of travel time reliability analysis. 27
With the advances in data collection technologies, more and more data are being generated every 28 day and the future of web-based virtual sensor concept is encouraging because it offers low cost 29
and high-quality data for research and deployment purposes. Although with the increasing size, 30 data management has also become a growing challenge for transportation professionals and 31 researchers, emerging technologies such as cloud computing services can help handle and process 32 Big Data. Moreover the presented methodology can be an attractive alternative traffic surveillance 33 method for transportation agencies with governmental budget constraints. 34
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